Production of monoclonal antibodies requires immortalization of splenocytes by somatic fusion to a myeloma cell line partner (hybridomas). Although hybridomas can be immortal, they may depend on a feeder cell layer and may be genetically unstable. Since the inception of hybridoma technology, efforts to improve efficiency and stability of monoclonal antibody-producing cell lines have not brought about substantial progress. Moreover, suitable human multiple myeloma-derived cell lines for the production of human antibodies have been very difficult to develop. Here we report a strategy that greatly simplifies the generation of antibodies and eliminates the need for hybridomas. We show that splenocytes derived from transgenic mice harboring a mutant temperature-sensitive simian virus 40 large tumor antigen under the control of a mouse major histocompatibility promoter are conditionally immortal at permissive temperatures and produce monoclonal antibodies. This simple approach may become a method of choice for generation and production of both polyclonal and monoclonal antibodies with advantages in high-throughput discovery and antibody-based immunotherapy.
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M
onoclonal antibodies are proteins with such exquisite specificity and sensitivity in their reactions with specific sites on target molecules that they have become reagents of central importance in modern biological research, including the analysis and treatment of human disease. However, more than a quarter century after their introduction, monoclonal antibodies are still produced only by somatic cell hybrid clones of splenocytes fused to multiple myeloma-derived cells (1) . These ''hybridomas'' can produce monoclonal antibodies for years, but production involves a labor-intensive multistep process limited by the constant risk of contamination, often requires feeder cells, and may be genetically unstable (2) . Despite later developments, such as phage-display technology for in vitro generation of monoclonal antibodies (3, 4) , chimerization or humanization strategies (5) , and human myeloma cell lines suitable for hybridoma formation (6), a simple and effective strategy for generating monoclonal antibody-producing immortal cells would represent a major advance.
Here we show that splenocytes derived from transgenic mice harboring a mutant temperature-sensitive (ts) simian virus 40 large tumor antigen under the control of a mouse major histocompatibility promoter (H-2K Derivation of Immortal Splenocytes. Mice were killed and their spleens were collected in DMEM. Cells were released by gentle pressure applied to the capsule of the organ, which was placed between two frosty glass slides. Next, splenocytes were resuspended in 15 ml of hybridoma medium containing 10% controlled-process serum replacement (Sigma-Aldrich, catalog no. C-0786), a quality-controlled bovine plasma that supports hybridoma growth, and hybridoma-enhancing supplements (Hybrimax; Sigma-Aldrich, catalog no. H-2900) to facilitate cell growth at low-density plating. Tissue debris were gravity-cleared by serially transferring spleen-derived cells to fresh 15-ml conic plastic tubes. A total of 2 ϫ 10 8 cells were distributed in 6-, 24-, and 96-well plates and cultured at 33°C. The culture medium was changed completely three times during 2-3 weeks. Clones were observed in Ͼ90% of the wells after 3 weeks. For the next 2 months, the plates were monitored, and 100 l of fresh medium was added to each well every 3 weeks. Positive wells were subcloned by limiting dilution (2); some of the clones were also expanded to 24-well and 96-well plates to monitor reactivity after a long term in culture. We minimized or avoided the problem of splenocyte ''clumping'' by carefully suspending the cells in each well and by using serum-free medium. After counting and plating the suspensions at 0.1-0.5 cells per well, we systematically inspected each 96-well plate visually under the microscope.
Screening and Generation of Clonal Antibody-Producing Splenocytes.
ELISA against filamentous phage and against recombinant phage capsid pIII protein was performed as described (2) . BSA, hybridoma medium alone, preimmune serum, and secondary antibody served as negative controls. Immune polyclonal serum and anti-phage antibody served as positive controls. Antibodies were plated directly from culture supernatants. Cells from the positive wells were subcloned by limiting dilution to obtain monoclonal lines. Subclones emerging after 2 months were tested against the entire phage particle and the pIII phage capsid protein by using ELISA. Reactivity was monitored in an ELISA reader.
Western Blot Analysis. Filamentous fd-tet phage (10 9 transducing units͞lane) were boiled, resolved by a gradient 4-20% SDS͞ PAGE (Invitrogen) and electrotransferred to Immuno-Blot polyvinylidene fluoride membrane (Bio-Rad). The membrane was divided into strips, blocked by 5% nonfat milk in PBS for 1 h at room temperature followed by a single wash with PBS containing 0.1% Tween 20. Strips were incubated with preimmune serum (1:1,000), postimmune serum (1:1,000), antifd-tet phage (Sigma-Aldrich), supernatants containing antiphage IgGs secreted from immortal splenocyte clones, or cell culture media alone for 2 h at room temperature. After three washes, a peroxidase-conjugated secondary antibody (Bio-Rad) was added to the strips and incubated for 1 h at room temperature. Strips were washed three times, and the reactivity was detected by enhanced chemiluminescence (Amersham Biosciences).
Results and Discussion
Many different types of conditionally immortal cell lines have been derived from H-2K b -tsA58 mice (7, (9) (10) (11) (12) . Surprisingly, this well established mouse model has not been exploited in applications for the generation of monoclonal antibody-producing cells.
As proof of concept, H-2K b -tsA58 mice were immunized with a defined antigen (filamentous phage; ref. 8) , and anti-phage antibody titers in the serum were monitored by ELISA. Antiphage IgG titers reached high levels (OD 450 Ͼ 3 at 1:3,200 dilution, compared with Ͻ0.1 for preimmune serum) 7 days after a final boost (Fig. 1) . Further testing of serial dilutions revealed that IgG titers against phage were on average Ϸ1:6,400; moreover, the serum titers against the pIII protein (coated at 10 g per well) were on average Ϸ1:1,600 (data not shown). Mouse spleens were collected and cell suspensions were prepared in DMEM. The cells were distributed in 96-well plates and cultured at 33°C. The culture medium was changed completely three times during 2-3 weeks. Clones were observed in Ͼ90% of the wells after 3 weeks. To detect antibody reactivity, ELISA was performed with supernatants in microtiter well plates coated with phage particles. Up to 58% of the wells tested were positive for IgG reactivity against phage.
We observed that splenocytes were healthy despite low cell density and yielded robust levels of reactivity in supernatants from most of the wells. To obtain monoclonal lines, cells from positive wells were cloned by limiting dilution, and most clones remained positive. Subcloning of monoclonal lines was repeated twice, and virtually all the resulting clones were positive, providing strong evidence that the lines generated were indeed derived from single clones.
Clones emerging after 4-8 weeks were tested by ELISA against the phage particles and against the minor phage capsid protein (pIII). Again, most positive clones continued to react when expanded from 96-well to 24-well plates or after freeze and thaw (Fig. 2) . Strong reactivity was observed against intact phage, and some clones also reacted against recombinant pIII fusion protein (Fig. 3) . Original plates and clones at all stages were kept in culture for up to 3 months.
To determine whether antibodies screened by ELISA can recognize specific proteins in Western blots, we evaluated supernatants from H-2K b -tsA58 transgenic mouse-derived immortal splenocytes against the pIII and pVIII phage capsid proteins by resolving a filamentous phage preparation by SDS͞PAGE. Polyvinylidene f luoride membranes containing phage proteins were incubated with preimmune serum, postimmune serum, a commercially available anti-phage, or supernatants containing anti-phage IgGs secreted from immortal splenocyte clones. Cell culture medium alone was used as an additional negative control. Antibodies reacting specifically with bands corresponding to the pIII and the pVIII phage capsid proteins were detected in the supernatants from H-2K b -tsA58 transgenic mouse-derived immortal splenocytes (Fig. 4) . This result shows that antibodies produced by the methodology described here can also be used in applications such as immunoblotting (Fig. 4) or f luorescence-activated cell sorting of cell surface antigens (data not shown).
We conclude that splenocytes from H-2K b -tsA58 transgenic mice can yield high titers of IgG against defined antigens. This cell culture system ensures a reliable and reproducible source of ELISA against filamentous phage (fd-tet) and against recombinant phage capsid pIII protein was performed as described (2) . BSA, hybridoma medium alone, preimmune serum, and secondary antibody served as negative controls. Immune polyclonal serum and anti-phage antibody served as positive controls. Antibodies were plated directly from culture supernatants and tested as follows: 1, preimmune serum at 1:400 dilution; 2, postimmune serum at 1:3,200 dilution; 3-10, supernatants derived different 6-, 24-, and 96-well plates, 2 weeks after plating of the spleen; 11, cultured medium alone as a negative control. Bars correspond to the mean. Standard errors of the mean were Ͻ1% of the mean. Fig. 2 . Characterization of H-2K b -tsA58 transgenic mouse-derived immortal splenocytes producing anti-phage antibodies. Clones 1-3 correspond to clones that underwent freeze-thaw. All thawed clones recovered and remained positive. Clones 4 -9 correspond to different wells expanded from 96-well plates to 24-well plates and cultured for 6 weeks; 10 indicates cultured medium alone as a negative control. Other controls included were pre-and postimmune sera. Bars correspond to the mean. Standard errors of the mean were Ͻ1% of the mean.
Fig. 3.
Evaluation of H-2K b -tsA58 transgenic mouse-derived immortal splenocytes producing antibodies against intact phage particles and against the pIII phage capsid protein. 1, culture medium, negative control; 2, preimmune serum; 3-7, supernatants derived different monoclonal lines after 8 weeks in culture. 4, 5, and 7 react strongly with the pIII protein and, at this concentration, also react with intact filamentous phage particles. Bars correspond to the mean. Standard errors of the mean were Ͻ1% of the mean. monoclonal antibodies and eliminates the need for hybridoma generation.
Several advantages of this methodology merit further comment. First, the antibody-synthesizing cells are stable for at least several months in culture, tolerate limiting dilution cloning, and survive freeze-thaw without loss or inactivation of antibody production. We have frozen polyclonal populations and recovered viable clones secreting a given IgG (data not shown). Second, immortal clones grow slowly at 33°C and are genetically stable, allowing for timely processing of numerous samples (and, logically, the possibility of obtaining ''rare'' antibodies). H-2K b -tsA58-derived splenocytes enable the production of large amounts of specific polyclonal IgGs from wells containing clones that have been cultured long term. In contrast, hybridomas are problematic because, in a random mixture of clones, nonsecreting clones generally will overtake the secreting ones. Preliminary data suggest that the proliferation rate between IgG secreting and nonsecreting splenocytes derived from an H-2K b -tsA58 transgenic mouse is similar (unpublished observations). Third, in vitro immunization is enhanced through the presence of other spleen-derived immortal cell types, such as macrophages, dendritic cells, and fibroblasts, that facilitate antibody production (2), whereas ex vivo immunization is inefficient with mortal splenocytes or hybridomas. Given the recent restrictions placed on ascites production, this new technology favors convenient large-scale manufacture of antibodies ex vivo. Fourth, crossing H-2K btsA58 mice with mice expressing the genetic complement for human antibody production (13-15) will also enable production of human monoclonal antibodies.
In summary, the strategy described here is likely to replace hybridoma generation and streamline the production of mouse and human antibodies, with profound and immediate scientific and medical benefits. 
